Recent studies have uncovered relationships between measures of various cognitive performances and proxies of fitness such as reproductive success in non-human animals. However, to better understand the evolution of cognition in the wild, we still have to determine the causality of these relationships and the underlying mechanisms. The cognitive ability of an individual may directly influence its ability to raise many and/or high quality young through for example its provisioning ability. Conversely, large and/or high quality broods may lead to high parental motivation to solve problems related to their care. To answer this question, we manipulated reproductive success through brood size and measured subsequent problem-solving performance in wild great tit parents. Our results show that brood size manipulation did not affect the probability to solve the task. Moreover, solver pairs fledged more young than non-solver pairs independently of brood size treatment in one of the two experimental years and they showed higher nestling provisioning rate in both years. Overall, it shows that problem-solving performance was not driven by motivation and suggest that problem-solvers may achieve higher fledging success through higher provisioning rates. Our study constitutes a first key step toward a mechanistic understanding of the consequences of innovation ability for individual fitness in the wild.
INTRODUCTION
Human activities currently generate major and rapid environmental changes at various spatiotemporal scales (e.g., climate change, urbanization, habitat fragmentation) that can strongly impact individual fitness in wild populations. To limit the negative impacts of these changes, animals may attempt to cope with the unexpected problems or situations by innovating, i.e., using novel or flexibly adjust established behaviors (Reader and Laland, 2003; Tebbich et al., 2010) . Such ability shapes behavioral changes that are thought to facilitate a rapid response to novel environmental conditions before adaptive evolution can take place (Duckworth and Badyaev, 2007; Sutter and Kawecki, 2009 ). Yet, research on the consequences of innovation on behavioral adaptation in nonhuman animals and its contribution to fitness in the wild is still in its infancy.
Innovation may influence fitness through different ways. For example, innovation can increase survival by facilitating the exploitation of new food sources during harsh conditions (Kozlovsky et al., 2015; Edmunds et al., 2016) . It can also enhance mating and reproductive success by facilitating the display of a new behavior or phenotypic trait favored during mate choice (Keagy et al., 2009; Mateos-Gonzalez et al., 2011; Isden et al., 2013) or the exploitation of resources that will directly influence young growth and/or survival (Cole et al., 2012; Cauchard et al., 2013) . The first empirical evidence for a positive association between innovation and reproductive success in the wild came from two studies conducted on two different populations of great tits (Parus major) (Cole et al., 2012; Cauchard et al., 2013) . In these studies, problem-solving performance (a proxy of innovation, Griffin and Guez, 2014) , measured either in captivity (stick-pulling task motivated by food, Cole et al., 2012) or in the field (string-pulling task motivated by nestling provisioning, Cauchard et al., 2013) , was linked to various measures of reproductive success. Nests where at least one parent solved the novel task laid larger clutches (Cole et al., 2012; Cauchard et al., 2013) and fledged more young (Cauchard et al., 2013) , although this effect was counterbalanced by problem-solving females being more likely to abandon their nest after human perturbation in one of the populations (Cole et al., 2012) .
However, the mechanisms underlying potential reproductive benefits of problem-solving performance remain poorly explored. Moreover, as our understanding of the proximal causes of among-individual differences in problem-solving performance has considerably improved in the last decade, it has become apparent that various other factors may generate an indirect link between problem-solving performance and reproductive success. For example, studies have shown that individual traits such as age (Loepelt et al., 2016; Quinn et al., 2016) , novelty response (Sol et al., 2011) , stress level (Bókony et al., 2013) or motivation (Laland and Reader, 1999) as well as external factors such as predation (Taylor et al., 2012) , competition (Overington et al., 2009 ) or habitat quality (Quinn et al., 2016) can affect both problem-solving performance and reproductive success independently.
Therefore, an experimental manipulation is critically needed to disentangle cause and effect in the relationship between problem solving performance and reproductive success. Here we manipulated the reproductive success (i.e., reduced, control, or enlarged brood size) and recorded parents' subsequent problemsolving performance as well as nestling provisioning rate in a natural population of breeding great tits. We predicted that if reproductive success drives parental motivation to solve the task, parents with experimentally increased broods should be more successful at solving the task than parents with control broods and parents with control broods should be more successful than parents with decreased broods. Conversely, if higher problemsolving performance per se allows parents to raise more young, our experimental brood size manipulation should not affect parents' success in solving the task and solving pairs should still achieve higher reproductive success compared to non-solving pairs independently of the brood size manipulation. Moreover, beside the brood size manipulation, if problem-solvers are more efficient in exploiting their habitat, we predicted that solver pairs should achieve a higher nestling provisioning rate than non-solver pairs.
MATERIALS AND METHODS

Study Site and Population Monitoring
Data were collected in a population of great tits breeding on the island of Gotland, Sweden (57 • 10'N, 18 • 20'E), between April and June 2012 and 2013. Great tits are small, monogamous passerines that breed readily in nest boxes, allowing us to record laying and hatching date, clutch size, hatching success, brood size at different ages and final number of fledglings. Nestlings were ringed at day 9, weighed and measured (tarsus length, to the nearest 0.1 mm) at day 14. Nestling body mass at day 14 is a good proxy of future recruitment in this species (Linden et al., 1992) . Adults were caught within nest boxes when nestlings were 9-14 days old and identified using individually numbered rings.
Birds were caught, handled and ringed under a license from the Stockholm Museum Ringing Center. Behavioral experiments were authorized by the Swedish Committee for Experiments on Animals and conducted in accordance with international standards on animal welfare as well as being compliant with local and national regulations.
Brood Size Manipulation
In our great tit population, brood size range from 3 to 12 nestlings, with an average ± SE of 8.06 ± 0.13. In total, 150 broods were manipulated. We created enlarged (N = 57), reduced (N = 54) and control (N = 39) broods by adding or removing two nestlings (i.e., an average 25% increase or decrease in brood size) or exchanging two nestlings between broods without changing brood size. The difference between reduced and increased brood size treatments was thus on average 40% (6 vs. 9 nestlings, see Table 1 ), which seemed sufficient to allow detecting differences in parental care. Studies have shown that brood size manipulation using quantitatively similar changes in brood size has significant consequences on parental feeding behavior, with provisioning rate being lowest when broods were reduced in size and greatest when broods were enlarged (Sanz and Tinbergen, 1999; Garcia-Navas and Sanz, 2010) . We excluded from this experiment nests with extreme brood sizes before the manipulation (<5 or more than 10 hatchlings on day 2) and assigned treatment (reduced, control, or enlarged brood) randomly with respect to initial brood size. Two days after hatching, nestlings were exchanged between broods that hatched on the same day and matched the same average weight (mean brood weight per nest ± SD: 2.72 g ± 0.47, nests were grouped when the mean difference among nests was <1 g). Whenever possible, we used triplets of broods: four nestlings were transferred from a first nest (nest A) to a second nest (nest B), then four other nestlings from nest B to a third nest (nest C), and finally two other nestlings from nest C to nest A. We thus reduced brood size by two nestlings in nests A, increased it by two nestlings in nests C and left it unchanged in nests B, which functioned as a control for having foreign nestlings without changing brood size. All broods thus contained either two (nests A) or four foreign nestlings (nests B and C). When we could not match three broods, we used duos by skipping the control treatment (nest B), and when more broods could be matched, we used quadruplets of nests by repeating the control treatment (nest B). In great tits, the number of native vs. foreign nestlings in a nest does not affect provisioning rate (Neuenschwander et al., 2003) .
Provisioning Rate and Problem-Solving Performance
We recorded provisioning rate when nestlings were 6 days old, using a camouflaged video recorder placed at a distance of ∼6 m from the nest box. The recording lasted 90 min and was performed during the daily peak of parental provisioning activity, i.e., between 06:00 AM and 02:00 PM. In great tits, both parents feed their young. Because distinguishing males from females on provisioning videos was difficult, we measured nestling provisioning rate per breeding pair. We calculated pair provisioning rate as the total number of parental visits to the nest during 1 h. Problem-solving performance was measured directly during breeding. At this stage, it is however not possible to keep birds long enough to test them in captivity, in controlled conditions, without directly compromising their reproductive success. Therefore, we chose to conduct the problem-solving task directly in the wild. In this situation, food-motivated tasks cannot easily be used since food is more abundant in the environment at that time of the year than for the rest of the year and individuals show little motivation to interact with such tasks. To overcome this issue, problem-solving performance was thus measured using a string-pulling task attached in front of the nest box for which the solving motivation stems from parents' drive to feed their young during the nestling rearing period (Cauchard et al., 2013) . The task consisted of a door placed in front of the entrance of the nest box. The door was by default closed. To enter, parents had to pull a string placed below the door using their feet to open it and then slip their body under the door. The door then closed automatically behind the bird, but could be simply pushed open from inside the nest box by parents to get out. The test was conducted during the peak of nestling food demand (i.e., when nestlings were 7-9 days old, between 07:00 AM and 04:00 PM), only when nestlings were satiated (e.g., not begging intensely at the beginning of the test). To avoid nestling starvation if parents were not able to solve the task, the test lasted 1 h but was repeated on two consecutive days. We randomly selected breeding pairs to be tested among pairs separated by at least 200 m from the nearest neighbors previously tested, to avoid social learning. We installed a camouflaged video recorder at a distance of ∼6 m in front of the nest box to record all the movements and interactions of parents with the task. Video recordings were scored by observers blind to the brood size manipulation. Because the entrance of the nest was closed during the test, birds had to stop on the nest and the gender was thus identified thanks to plumage features. Individuals who succeeded in solving the task (i.e., opening the door and entering the box) were considered to be solvers, while those who contacted the nest box but failed to enter were considered to be non-solvers (i.e., we defined problem-solving status as a binary variable).
Statistical Analyses
We first checked whether nests in different brood size treatments (i.e., reduced, control, or enlarged broods) differed in reproductive parameters prior to the brood size manipulation (i.e., laying date, clutch size and number of nestlings at day 2) using linear models (LM) including brood size treatment, year (i.e., 2012, 2013) and their pairwise interactions as fixed effects. We proceeded as well to check whether the brood size manipulation was successful in affecting the final number of fledglings.
We then tested whether brood size manipulation affected parental problem-solving probability (i.e., solvers vs. nonsolvers) using generalized linear mixed models (GLMMs) with a binomial error and logit link function. The model included brood size treatment, year, sex and the pairwise interactions between treatment and cofactors as fixed effects, and pair identity as a random effect to account for the non-independence of pair members.
Finally, we tested whether problem-solving performance affected measures of reproductive success and provisioning rate independently from the brood size manipulation. We conducted these analyses at the pair level to avoid pseudoreplication since both parents had the same measures of reproductive success and provisioning rate. We tested whether pairs where both parents were non-solvers (NN pairs), pairs where only one parent solved the task (NS pairs) and pairs where both parents solved the task (SS pairs) differed in nestling mean nestling body mass at day 14, final number of fledglings and provisioning rate at day 6 using LMs. The models included pair's problem-solving performance, brood size treatment, year and their pairwise interactions with problem-solving performance as fixed effects. When analyzing mean nestling body mass, we added mean nestling tarsus length as a covariate to control for the effect of structural size on body mass. To check whether reproductive parameters prior to the brood size manipulation may account for the differences in final reproduction success and provisioning rate between pairs of different problem-solving performance, we also included laying date and clutch size as fixed covariates in the models described above. Inclusion of these covariates did not change qualitatively our results on effects of pair solving performance. Hence, hereafter we are only presenting the reduced models.
Sample sizes varied slightly between analyses because of missing data. To avoid pseudoreplication, we removed from our data all 2013 pairs in which at least one parent was tested in 2012 (N = 10). Non-significant effects were backward eliminated from the starting models. Normality and homogeneity of variance as well as residuals were visually checked and data transformed when needed (in this case, the transformation used is mentioned in the results). All the analyses, including power analyses, were performed using JMP R (Version 11. SAS Institute Inc., Cary, NC, 1989 -2007 at the exception of the GLMM tests that were performed using the glmer function in R cran (Bates et al., 2015) . Tests were two-tailed, and P < 0.05 were considered significant.
RESULTS
Differences between Treatment Groups Before and After the Brood Size Manipulation
Prior to brood size manipulation, nests of different experimental treatments did not differ in laying date [F (2, 146) = 0.25, P = 0.78], clutch size [F (2, 146) = 0.10, P = 0.90] or number of nestlings at day 2 [F (2, 143) = 0.55, P = 0.58], accounting for year ( Table 1) . As expected, brood size manipulation successfully affected the final number of fledglings [F (2, 146) = 50.59, P < 0.001], accounting for year. More nestlings fledged from increased broods (least square means ± SE: 9.2 ± 0.2) compared to control broods (8.0 ± 0.3), and more in control broods compared to decreased broods (6.1 ± 0.2) ( Table 1) .
Effect of Brood Size Manipulation on Problem-Solving Performance
Of the 150 pairs tested, nine males and eight females did not participate in the problem-solving test. The brood size manipulation treatment did not influence parental probability to solve the task either alone (χ 2 2 = 1.20, P = 0.55) or in interaction with year (χ 2 2 = 1.45, P = 0.48) or sex (χ 2 2 = 1.00, P = 0.61). The probability to solve the task only depended on sex (χ 2 1 = 11.21, P < 0.001), with females being more likely to solve compared to males (number of solvers: 58 of 142 (40.8%) females vs. 32 of 141 (22.7%) males).
Links between Problem-Solving Performance, Provisioning Rate and Reproductive Success Independently from the Brood Size Manipulation Provisioning rates also differed between pairs of different problem-solving performance [provisioning rates Box-Cox transformed; F (2, 103) = 5.20, P = 0.007; Figure 2] , after controlling for the effects of brood size treatment [i.e., tendency for higher rates in enlarged vs. reduced broods; F (2, 103) = 2.98, P = 0.055] and year [i.e., higher rates in 2012 than in 2013; F (1, 103) = 10.38, P = 0.002]. SS pairs and NS pairs showed higher provisioning rates than NN pairs (SS vs. NN pairs: mean difference ± SE = 11.74 ± 4.40, P = 0.024; NS vs. NN pairs: 6.80 ± 2.78, P = 0.043; Figure 2 ). Because provisioning rate can vary between males and females in this species (Pagani-Núñez and Senar, 2013), we checked whether the sex of the solver influences the link between problem-solving performance and provisioning rate. We ran the same initial model using both female and male problem-solving status as fixed factors instead of pair problemsolving performance. Results showed that both were significant [males: F (1, 95) = 4.9, P = 0.028; Females: F (1, 95) = 4.3, P = 0.040]. 
DISCUSSION
Our first aim was to test the causality of the relationship between problem-solving performance and reproductive success in our study population. While the cognitive features of problem-solving (e.g., the cognitive and neurological processes of problem-solving) still need to be indentified, we experimentally showed here that parental motivation to solve the task, manipulated through the brood size manipulation (Sanz and Tinbergen, 1999; Garcia-Navas and Sanz, 2010) , did not affect problem-solving performance, and thus could not generate the observed relation between problem-solving performance and reproductive success. Our results thus support the hypothesis that higher problem-solving performance per se might allow parents to raise more young. Accordingly, pairs' problem-solving performance was positively correlated to the final number of fledglings for each brood size treatment, although this relation was observed only in one of the two experimental years: in 2012, solver pairs fledged more young than pairs with at least one non-solver parent, beyond the brood size manipulation. Moreover, this positive correlation did not depend on brood size treatment (no significant interaction between problem-solving performance and brood size treatment). One could have expected problem-solving performance to affect the ability of the pair to cope with the manipulated reproductive effort differently depending on treatment, for example if solver and non-solver parents differ in their ability to cope with a change in parental work load and stress. On the one hand, all pairs could have achieved a similar reproductive success when brood size was decreased, i.e., when reproductive effort and thus the level of stress were low, while only pairs with high problem-solving performance may have been able to efficiently face an increased brood size if solvers better cope with stress. On the other hand, pairs with high problemsolving performance may have been able to face reproductive effort more efficiently than pairs with low problem-solving performance when brood size was reduced or unchanged, i.e., when the level of stress was low to moderate, but may not have been able to do so when the brood size was increased if solvers are not able to use their cognitive abilities adequately when stressed. Here, the ability of pairs with high problemsolving performance to achieve higher reproductive success than pairs with lower performance did not depend on the level of reproductive effort imposed through the manipulation, but depended on year. Taken together, these results provide support for the hypothesis that problem-solving performance may causally influence reproductive success in our study population, depending on environmental conditions. At this stage, the origin of the difference in the relation between problem-solving performance and final number of fledglings between the two experimental years remains however unclear and deserves further studies. The absence of a significant difference between solvers and non-solvers in the final number of fledged young in 2013 was nonetheless not simply due to a lower sample size, but to a lower biological effect of problem-solving performance on reproductive success in that year. Although we cannot test this hypothesis because the experiment was performed in 2 years only, between-year variations in the environmental conditions might explain the difference between years observed. Table 1 shows that birds laid eggs earlier in 2012 than in 2013 (which was an extremely late year for forest passerines in most parts of Europe), suggesting a difference in the environment between the 2 years because great tits synchronized their reproduction according to caterpillar (i.e., main food resource for nestlings) development (Naef-Daenzer and Keller, 1999) . Moreover, nestlings were heavier in 2012 than in 2013, suggesting that the environmental conditions in 2013 might have been harsher than in 2012. In our study site, food availability during nestling rearing is the main environmental factor affecting reproductive success (nest predation is very low on Gotland due to the absence of mustelid species; Doligez and Clobert, 2003) . The higher success in 2012 compared to 2013 suggests that environmental conditions were more favorable in 2012, but we have no direct measure of food availability in these 2 years. The observed difference between years in the link between pair problem-solving performance and reproductive success could therefore be due to higher costs paid by solving pairs in harsher conditions, but higher benefits in more standard conditions, possibly due to a higher ability to exploit the environment when provisioning nestlings. Although the link between pair problem-solving ability and provisioning rate was observed in both years, other variables related to parental care and thus influencing fledgling number might vary between solvers and non-solvers according to environmental variation (Récapet et al., 2016) . Hence, the links between parental cognitive ability, food provisioning and fitness may be context-dependent and vary according to the environmental conditions. Further work is however needed at this stage to identify such traits. Exploring the relative role of environmental vs. individual quality would require performing the manipulation over many years to meet a larger range of environmental conditions.
Research in humans has shown that two types of motivation can affect the expression of any cognitive ability: intrinsic and extrinsic motivation (Sternberg, 1985) . While the extrinsic motivation is generally defined as the process by which an expected reward (or punishment) drives a behavior, its intensity and direction, the intrinsic motivation originates from individual traits (e.g., curiosity, interest, perseverance) and does not require reinforcement (Sternberg, 1985) . These two types of motivation are likely to also affect the performance to cognitive tests in nonhuman species too (Hull, 1933; Sol et al., 2012; Byrne, 2013) . Sex, social status or satiety can affect an individual's motivational state that, in turn, can directly impact both performance on foodmotivated tasks and reproductive success. Because the basic level of motivation is bound to differ between individuals, for example due to differences in metabolic rate and condition (e.g., total energy reserve, Clancey and Byers, 2014) , controlling for the effect of such motivation in correlative studies may be difficult. Relying on non-food-motivated tasks to design problem-solving tests, such as a species' aversion to a particular color (Keagy et al., 2009) or parents' drive to provision their young (Cauchard et al., 2013) , may thus provide interesting alternatives to foodmotivated tasks to measure problem-solving performance while minimizing the effect of extrinsic motivation. Indeed, even if females were more likely to solve the task than males, reflecting a potential sex-bias linked to parental investment in intrinsic motivation to solve the task (i.e., males may be less motivated to invest and solve our task because of extra pair paternity frequently occurring in this species; Lubjuhn et al., 1999; Griffith et al., 2002; Doligez, pers. obs for the study population), this is unlikely to affect the link between problem-solving performance and provisioning rate in our study: both male and female solving status related to provisioning rate. Our task may have been intrinsically more motivating for females than males, because the reward (i.e., access to nestlings) was directly related to parental care (which has already been observed in another population of great tits: Preiszner et al., 2017) . Fortuitously, such sex difference can easily be taken into account by modeling the effects of sex when studying problem solving performance. To better understand the role of intrinsic and extrinsic in problem-solving performance, further work is required based on experiments explicitly designed to quantify motivation sources, although this may again prove challenging in the field.
An important caveat is nevertheless that we cannot exclude that a third factor, thus far unidentified, independently influenced both problem-solving performance and reproductive success. The deleterious effect of oxidative stress along aging, for example, can negatively affect both cognitive performance and reproductive success (Finkel and Holbrook, 2000; Fukui et al., 2002; Bize et al., 2008; Monaghan et al., 2009 ), leading to a positive correlation between these two variables. A direct experimental manipulation of problem-solving performance would be needed to confirm the causal link to reproductive success, but this may involve procedures such as manipulating conditions during development to affect the ontogeny of cognitive abilities in future recruits, which may prove difficult to implement in the field. Further work is therefore needed to fully confirm that problem-solving performance shapes reproductive success. To better understand the evolutionary potential of innovation in the wild, a more comprehensive work is needed to examine its link with long term fitness (i.e., lifetime reproductive success) consequences and as well as its heritability level in natural populations, two questions that remain largely unexplored so far (Quinn et al., 2016) .
The final aim of this study was to investigate provisioning as a possible mechanism underlying a potential causal link between problem-solving performance and reproductive success. Our results showed that, whatever the level of reproductive effort imposed, pairs with at least one solver consistently outperformed pairs with non-solvers on terms of food provisioning rate, which did led to greater number of fledgling in one of the two study years. Thus, the ability to innovate might allow parents to provision their young more efficiently, either by (i) choosing and/or securing a higher quality breeding territory, or (ii) finding and/or selecting more and/or higher quality preys (Cole et al., 2012) . Accordingly, solver pairs fledged more nestlings than pairs with at least one nonsolver parent, without having to trade-offs nestling numbers against quality, as mean nestling body mass was not lower for solver pairs. Previous studies in great tits also showed clear positive links of food provisioning with brood size, but not with mean nestling body mass (Mutzel et al., 2013) , supporting the hypothesis that solvers were able to raise more nestlings, at least in some years, due to their greater capacity to provision their brood. Further investigations, with a particular attention to the importance of territory quality and/or provisioning efficiency, are needed to improve our understanding of the behavioral mechanisms underlying a potential causal link between problem-solving performance and reproductive success. By exploring the role of motivation on problemsolving performance and differences in provisioning behavior in relation to problem-solving performance in the wild, our study constitutes nevertheless a first key step toward a mechanistic understanding of the consequences of innovation ability for individual fitness in the wild.
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